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Abstract 1 
 2 
 3 
Copper (Cu) is a potent antimicrobial agent. Its use as a disinfectant goes back to 4 
antiquity, but this metal ion has recently emerged to have a physiological role in the host 5 
innate immune response. Recent studies have identified iron-sulfur containing proteins as 6 
key targets for inhibition by Cu. However, the way in these effects at the molecular level 7 
translate into a global effect on cell physiology is not fully understood. Here we provide a 8 
new insight into the way in which Cu poisons bacteria. Using a copA mutant of the 9 
obligate human pathogen Neisseria gonorrhoeae that lacks a Cu efflux pump, we showed 10 
that Cu overloading led to an increased sensitivity to hydrogen peroxide. However, 11 
instead of promoting disproportionation of H2O2 via Fenton chemistry, Cu treatment led 12 
to an increased lifetime of H2O2 in cultures as a result of a marked decrease in catalase 13 
activity. We showed that this observation correlated with a loss of intracellular heme. We 14 
further established that Cu inhibited the pathway for heme biosynthesis. We proposed 15 
that this impaired ability to produce heme during Cu stress would lead to the failure to 16 
activate hemoproteins that participate in key processes, such as the detoxification of 17 
  3 
various reactive oxygen and nitrogen species, and aerobic respiration. The impact would 1 
be a global disruption of cellular biochemistry and an amplified Cu toxicity.  2 
 3 
INTRODUCTION 4 
Why is copper (Cu) toxic? Present discussions about the cytotoxicity of Cu 5 
frequently return to its link with iron (Fe), as both metal ions can engage in analogous, 6 
uncontrolled redox cycling, causing oxidative stress.(1, 2) However, there is now strong 7 
evidence that these non-specific reactions are unlikely to occur inside cells(3), where, like 8 
many other trace metal ions, Cu is kept under tight thermodynamic and kinetic controls.(4, 9 
5) This more refined understanding of metal homeostasis has led to an alternative model, 10 
in which Cu toxifies cells by mis-metallating into Fe sites, such as exposed enzymic 11 
[4Fe-4S] clusters in dehydratases.(6-9) Inactivation of these enzymes impairs key 12 
metabolic processes, including glucose catabolism in the Entner-Doudoroff pathway via 13 
inhibition of 6-phosphogluconate dehydratase and synthesis of branched-chain amino 14 
acids via inhibition of isopropylmalate dehydratase.(6) The discharge of “free” Fe2+ ions 15 
is also thought to cause further toxicity. 16 
The need to understand the toxic action of Cu has taken on greater importance in 17 
the context of understanding the innate immune response, following the observation that 18 
macrophages can use Cu ions to promote killing of invading bacteria.(10-12) It is thus no 19 
coincidence that genes conferring Cu resistance have been frequently identified as 20 
virulence factors in several significant pathogens, including Mycobacterium tuberculosis, 21 
Salmonella sp., Streptococcus pneumoniae, Neisseria gonorrhoeae, Pseudomonas 22 
aeruginosa, and Listeria monocytogenes.(13-17)  23 
  4 
The use of Cu at the host-pathogen interface is intriguing. A toxic cocktail of 1 
reactive oxygen and nitrogen species (ROS and RNS, respectively) is also present within 2 
this space. In fact, the release of these species within phagosomes, known as oxidative 3 
and nitrosative ‘burst’, is recognised as a primary response to inflammation.(18, 19) Most 4 
notably, ROS and RNS, particularly the superoxide anion (O2-•) and nitric oxide (NO•), 5 
are known to rapidly destabilise solvent-accessible [4Fe-4S] clusters.(20, 21) Why is Cu 6 
still required, when these other ROS and RNS would elicit the same, if not more 7 
destructive effects? Is there an effect of Cu in relation to global cellular biochemistry that 8 
is not yet recognised? 9 
To answer the above question, we examined the impact of Cu overloading on the 10 
obligate human mucosal pathogen Neisseria gonorrhoeae (the gonococcus), the causative 11 
agent of the sexually transmitted infection gonorrhea. Cu tolerance in this bacterium is 12 
conferred solely by the copA gene, which encodes for a Cu-exporting P1B-type 13 
ATPase.(14) Additional homeostasis genes are absent, making the gonococcus a notably 14 
simple model for Cu toxicity.  15 
 16 
RESULTS AND DISCUSSION 17 
An observed synergy between Cu and H2O2. We have previously reported an 18 
apparent “synergy” between Cu and RNS, in which sub-inhibitory concentrations of Cu 19 
strongly enhanced the toxicity of NO donors to a copA mutant of N. gonorrhoeae 20 
(1291copA).(14) Survival and replication of this mutant inside primary human cervical 21 
epithelial cells were also severely compromised.(14) To examine the possibility of an 22 
analogous cooperation between Cu and ROS, here we performed growth experiments in 23 
  5 
the presence of hydrogen peroxide (5 mM H2O2). To circumvent the poisoning of 1 
isopropylmalate dehydratase by Cu(6), all experiments described in this work were 2 
performed in glucose medium containing branched-chain amino acids (iso-leucine, 3 
leucine, and valine). In these conditions, as little as 1 µM Cu(NO3)2 inhibited growth of 4 
1291copA in aerated cultures (Figure 1a).  5 
 To avoid potential effects from direct Fenton chemistry between exogenous Cu 6 
and H2O2, bacteria were challenged with these species sequentially, i.e. Cu followed by 7 
H2O2. Without any Cu, exposure to H2O2 alone led to a prolonged lag phase, but normal 8 
growth resumed after ca. 1–2 hours (Figure 1b). Compared to the wild type strain, 9 
1291copA was no more sensitive (Figure 1b). By contrast, pre-exposure to Cu-rich 10 
medium followed by re-inoculation into fresh medium containing only H2O2 led to a 11 
pronounced defect in the growth rate of this mutant (Figure 1b). No obvious toxicity was 12 
detected in the absence of H2O2, suggesting that catabolism of glucose via 13 
6-phosphogluconate dehydratase was not affected. Thus, we wondered whether there was 14 
a Cu-induced change in cellular physiology that was previously unidentified.  15 
For clarity, all analyses described below were performed using 1291copA that 16 
were collected from aerated cultures containing 10 µM FeCl3 and 30 µM Cu(NO3)2 at t = 17 
5 hours. Where required, results from wild type cultures will be presented for comparison. 18 
Loss of catalase activity in Cu-exposed gonococci. Our experimental design did 19 
not exclude the possibility of Fenton chemistry occurring endogenously inside cells. We 20 
next measured H2O2 levels in 1291copA cultures, which should decrease rapidly in the 21 
presence of Cu. On the contrary, we observed that removal of H2O2 by Cu-treated 22 
cultures was slower compared to that by mock-treated gonococci (Figure 2a). H2O2 is 23 
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scavenged rapidly by catalases (KatA in N. gonorrhoeae) and thus the increased lifetime 1 
of H2O2 suggested a loss of KatA activity. Indeed, there was a ca. 50% decrease in KatA 2 
activity in Cu-overloaded 1291copA (Figure 2b).  3 
Similarly, NO is detoxified by NO reductases (NorB in N. gonorrhoeae). Our 4 
previous observation that Cu induced an increased sensitivity to NO(14) may also be 5 
rationalised by a loss of NorB activity, although we were unable to assay this directly 6 
here. KatA and NorB do not bind [4Fe-4S] clusters; instead, they require heme as the 7 
redox cofactor. Thus, we hypothesised that cellular heme became limiting under 8 
conditions of Cu overloading.  9 
Cu-exposed gonococci are heme-deficient. To measure total heme, we collected 10 
dithionite-reduced and ferricyanide-oxidised pyridine hemochrome spectra of whole 11 
gonococci. The difference spectrum (reduced minus oxidised) obtained from mock 12 
1291copA cultures displayed sharp peaks characteristic of heme b (α, 550 nm; β, 520 nm; 13 
Figure 3 and Supplementary Figure 1). These transitions were also present in the 14 
spectrum obtained from Cu-rich cultures, but they were attenuated by ca. 50%, 15 
suggesting a loss of nearly half of the total heme (Figure 3 and Supplementary Figure 1). 16 
The loss of this crucial prosthetic group was manifested in a visible bleaching of the 17 
characteristic orange-red pigment of N. gonorrhoeae (Supplementary Figure 2). It also 18 
correlated well with a decrease in aerobic respiration via cytochrome cbb3 oxidase (Cco, 19 
ca. 60% reduction; Figure 2b and Supplementary Figure 3). Nevertheless, this 20 
Cu-mediated deficiency in heme appeared to be independent of O2, as it was also detected 21 
during microaerobic growth in liquid cultures or on solid media (Supplementary Figure 22 
4). 23 
  7 
N. gonorrhoeae is able to use exogenous sources of heme(22) and thus hemin 1 
supplementation (1 µM hemin-Cl) fully restored the heme levels of 1291copA in the 2 
presence of Cu (Figure 4a). This effect was accompanied by a complete recovery of 3 
growth on solid media (Supplementary Figure 5a), but only a minor improvement in 4 
aerobic growth in liquid cultures (Supplementary Figure 6a), suggesting that additional 5 
toxic events may be in play under these conditions. 6 
Loss of heme is not associated with Fe starvation. Maturation of heme relies on 7 
the availability of Fe. To determine if Cu treatment led to Fe (and hence, heme) starvation, 8 
we measured total gonococcal metal ion concentrations using ICP MS. Growth in Cu-rich 9 
media led to >10-fold increase in the total Cu levels of all strains, but the 1291copA 10 
mutant accumulated ca. 50% more Cu than did the wild type strain (Figure 5a). However, 11 
no substantial change was detected in the levels of Fe or other metals across all samples 12 
(Figure 5a and Supplementary Figure 7).  13 
We further tested this hypothesis by manipulating Fe availability in the growth 14 
media and examining the effects on the final heme levels of 1291copA. Compared to 15 
growth in regular medium (no added Cu and 10 µM added Fe), growth in Fe-depleted 16 
medium (0 µM added Fe) led to a lower OD600 value after 8 hours (Supplementary Figure 17 
6b). Despite this apparent limitation in Fe, Cu treatment did not result in any further 18 
toxicity, as the respective growth rates in the two media were virtually identical. 19 
Importantly, there was no further decrease in the total heme content of 1291copA (Figure 20 
5b), consistent with our proposal that global Fe status was not associated with Cu toxicity 21 
in N. gonorrhoeae.  22 
  8 
Conversely, compared to growth in regular medium (10 µM added Fe), 1291copA 1 
reached a slightly higher OD600 value after 8 hours of growth in Fe-rich medium (40 µM 2 
added Fe; Supplementary Figure 6c). There was also an increase in the final heme levels 3 
(ca. 40%; Figure 5b), consistent with the ability of N. gonorrhoeae to incorporate 4 
bio-available Fe as heme centres. Yet, Fe enrichment failed to rescue the heme-deficient 5 
phenotype of Cu-stressed 1291copA (Figure 5b). This impaired ability to use Fe for heme 6 
synthesis was reflected in the growth rate, which did not improve despite the presence of 7 
added Fe (Supplementary Figures 5b and 6c). 8 
Excess Cu blocks biosynthesis of heme. The finding that Cu-exposed 1291copA 9 
was heme-deficient regardless of the availability of Fe implied that the pathway for heme 10 
assembly (Scheme 1) was compromised. To exclude the possibility of Cu affecting 11 
processes upstream of the first committed step catalysed by HemA (ALA synthase; 12 
Scheme 1), we repeated the above experiments but in the presence of the HemA product 13 
δ-aminolevulinic acid (ALA, 100 µM). This treatment would ensure substrate flux 14 
through the biosynthesis pathway.(23) Yet, it had no observable effect on the final heme 15 
level (Figure 4a) or growth rate of 1291copA (Supplementary Figures 5c and 6d), further 16 
reinforcing our proposal that the assembly pathway was indeed blocked by Cu. 17 
Inhibition of ferrochelatase is not a major aspect of Cu toxicity. In the 18 
simplest model, excess Cu would mis-populate into Fe sites in the enzymes involved in 19 
heme biosynthesis. To identify the target of Cu toxicity within the heme assembly 20 
pathway, we first tested the possibility that excess Cu interfered with insertion of Fe2+ 21 
into protoporphyrin IX scaffold (Proto IX) via the chelatase HemH (Scheme 1). 22 
Inhibition of ferrochelatase by divalent metal cations in vitro has in fact been reported 23 
  9 
previously.(24, 25) However, exogenous addition of the HemH substrate Proto IX (1 µM) 1 
into the growth medium was able to restore the heme content of Cu-exposed 1291copA 2 
almost to normal levels (Figure 4a). This treatment had no effect on aerobic growth 3 
(Supplementary Figure 6e) but it led to a complete recovery of growth on solid media 4 
(Supplementary Figure 5d). These results collectively suggested that poisoning of HemH 5 
does not contribute substantially to Cu stress in N. gonorrhoeae.  6 
HemN is a target of Cu toxicity in N. gonorrhoeae. If the pathway for heme 7 
assembly is blocked by Cu, then Cu-stressed 1291copA ought to accumulate incomplete 8 
intermediates of heme synthesis. Indeed, this mutant emitted a distinct orange-red 9 
fluorescence under UV light, consistent with the presence of non-Fe tetrapyrrole(s) 10 
(Supplementary Figure 8a). The fluorescence emission spectrum in 80/20/1 (v/v) 11 
EtOH/DMSO/acetic acid was virtually superimposable with that of authentic 12 
coproporphyrin III (Cop III) under the same conditions (λex, 405 nm, λem, 620 nm; Figure 13 
6a). Likewise, its optical spectrum was identical to that of Cop III (Soret, 397 nm; Q, 497, 14 
530, 567 and 620 nm; Figure 6b). Reverse phase chromatography against a bona fide 15 
standard (Figure 6c) followed by MALDI-TOF mass spectrometry firmly established the 16 
identity of this tetrapyrrole as Cop III (m/z [M+H]+ 655); Figure 6d).  17 
Cop III is the auto- (air-) oxidation product of coproporphyrinogen III (Cop’gen 18 
III). In principle, accumulation of Cop III points to inactivation of the Cop’gen III 19 
decarboxylase HemN (Scheme 1). Cu-induced production of Cop III was also recently 20 
observed in the non-pathogenic, photoheterotrophic bacterium Rubrivivax gelatinosus, 21 
and this phenomenon was indeed attributed to a partial loss of HemN activity.(8) In N. 22 
gonorrhoeae, production of Cop III was suppressed completely when the HemN step was 23 
  10 
bypassed using an exogenous source of heme (Figure 4b and Supplementary Figure 8b) 1 
or Proto IX (Figure 4b and Supplementary Figure 8d). As described earlier, these 2 
porphyrins also led to a recovery of the final heme levels in 1291copA (Figure 4a). We 3 
also detected Proto IX fluorescence in all Proto IX-treated gonococci (Figure 4b and 4 
Supplementary Figure 8d), presumably due to non-specific association of this tetrapyrrole 5 
with cells.  6 
Growth in Fe-rich medium had little effect on Cop III production (Figure 5c and 7 
Supplementary Figure 8b), as this metal ion enters the biosynthesis pathway downstream 8 
from HemN at the HemH step (Scheme 1). Conversely, growth in Fe-depleted media led 9 
to a doubling of the final Cop III level in the presence of Cu (Figure 5c and 10 
Supplementary Figure 8c), consistent with a suppressed ability to catalyse the 11 
decarboxylation of Uro’gen III to Cop’gen III. Addition of the upstream pyrrole precursor 12 
ALA resulted in the excess production of Cop III (Figure 4b). Under this condition, Cop 13 
III was detected even in the absence of Cu (Supplementary Figure 8e), but we have 14 
tentatively attributed this phenomenon to substrate channelling from Cop’gen III to 15 
Protoheme IX (Scheme 1).(26) Nevertheless, treatments with ALA and added Fe both 16 
failed to restore the final heme levels of 1291copA (Figures 4a and 5b, respectively) 17 
confirming our proposal that excess Cu interrupted the pathway for heme biosynthesis, 18 
most likely at the HemN step. 19 
Antimicrobial action of ROS and RNS is amplified by Cu: implications for 20 
host-pathogen interactions. Earlier models that explained the toxicity of Cu proposed 21 
that the effects of this metal ion were ‘amplified’ due to its ability to promote production 22 
of toxic free radical species. A new model, in which Cu primarily exerts a toxic action via 23 
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inhibition of certain enzymes containing Fe-S clusters(27-30), still requires these targets 1 
to have a systemic repercussion on cellular biochemistry. Thus far, only two such effects 2 
are known: glucose catabolism and branched chain amino acid biosynthesis are both 3 
disrupted due to poisoning of the [4Fe-4S] dehydratases in the respective pathways. Here 4 
we have identified a third target that has a systemic effect on cellular biochemistry, i.e. 5 
the inhibition of HemN in the pathway for heme biosynthesis. 6 
HemN is a member of the Radical SAM family. It possesses 1 or 2 7 
S-adenosylmethionine cofactors and a single, solvent-accessible [4Fe-4S] unit.(31, 32)  8 
Inactivation of HemN by Cu would be consistent with the existing view that enzymes 9 
containing [4Fe-4S] clusters are the primary targets for Cu toxicity in the cell.(6, 7) To 10 
elucidate the precise mechanism of inhibition, we have cloned and expressed gonococcal 11 
HemN as a recombinant protein in E. coli. However, we have not been able to obtain this 12 
enzyme in a soluble form (data not shown). Nevertheless, based on the existing model, 13 
excess Cu would be expected to displace a Fe atom in the [4Fe-4S] unit. Whether Cu has 14 
any further interaction with the radical SAM cofactor is yet to be characterised. 15 
The crosstalk between Cu tolerance, Fe homeostasis and tetrapyrrole biosynthesis 16 
has also been observed in the context of bacterial photosynthesis.(8) However, our results 17 
demonstrate for the first time the loss of hemoprotein catalytic capacity as a consequence 18 
of Cu toxicity. This provides a new dimension to the understanding of the antimicrobial 19 
action of Cu during the host innate immune response to invading bacterial pathogens. 20 
ROS and RNS are detoxified efficiently by various heme-binding catalases, peroxidases, 21 
and NOx reductases (and flavohemoglobins in some bacteria). These hemoproteins are 22 
often present in redundant amounts and they form the primary line of defense against the 23 
  12 
phagosomal oxidative and nitrosative burst.(33-37) However, the loss of heme synthesis 1 
under conditions of Cu stress means that they would not be equipped with their cognate 2 
prosthetic group. The net effect of this failure to activate these defense systems would be 3 
the increased lifetimes of the various ROS and RNS in cells. Regardless of whether Cu 4 
directly promotes the cycling of these reactive species, the final outcome is an amplified 5 
toxicity and enhanced killing. Consistent with this model, we have demonstrated 6 
previously that survival and replication of N. gonorrhoeae 1291copA within primary 7 
human cervical epithelial cells were severely attenuated.(14)  8 
 This view that Cu acts essentially as a “blunting” instrument that can exert a 9 
global effect on bacterial defences against ROS and RNS could have a broad influence in 10 
developing new therapeutics. Today, with the increased prevalence of healthcare-11 
associated infections(38) and the alarming rise of resistance to conventional antibiotics, 12 
there is ongoing research into the development of Cu alloys and Cu complexes as novel 13 
antimicrobials(39, 40). It is likely that sequential or simultaneous treatments with 14 
additional ROS and RNS donors may be a better strategy.  15 
 16 
METHODS  17 
Strains and culture conditions. N. gonorrhoeae strains 1291wt and 18 
1291copA(14) were propagated from frozen glycerol stocks on solid GC base (Oxoid) 19 
supplemented with 1% (v/v) IsoVitaleX enrichment (Becton Dickinson). Where required, 20 
kanamycin was used at a concentration of 100 µg mL-1. Visible lawns were obtained after 21 
overnight (ca. 16 h) incubation at 37 oC in the presence of 5% CO2 and used as pre-22 
cultures for further experiments. Liquid cultures were prepared in Chemically Defined 23 
  13 
Medium (CDM)(41) containing 0.5% (v/v) glucose as the sole carbon source and 10 µM 1 
FeCl3 as a source of iron. This medium also contained 250 µM iso-leucine, 700 µM 2 
leucine, and 500 µM valine. The medium was pre-warmed to 37 oC and inoculated to a 3 
starting OD600 of 0.1. Cultures (50 mL) were grown in conical flasks (250 mL) at 37 oC 4 
and aerated by vigorous shaking at 200 rpm. Growth was monitored at hourly intervals 5 
for up to 8 h. To generate microaerobic growth conditions, 45 mL cultures were grown in 6 
50 mL capped tubes with gentle shaking at 50 rpm.  7 
Growth assays. Gonococcal sensitivity to Cu was examined in aerated liquid 8 
cultures in the presence of 0–60 µM Cu(NO3)2. Where required, H2O2 (5 mM), ALA (100 9 
µM), 2,2’-dipyridyl (30 µM), FeCl3 (30 µM), hemin (1 µM), or Proto IX (1 µM) were 10 
added at t = 0 min. Effects of Fe limitation were determined by excluding FeCl3 entirely 11 
from CDM preparations. All reagents were prepared in deionised water immediately 12 
before use, except hemin and Proto IX, which were dissolved in DMSO. The final 13 
concentration of DMSO in all cultures was < 0.05% (v/v). 14 
Preparation of bacteria for biochemical analyses. Gonococci were grown 15 
routinely in aerated liquid cultures with and without 30 µM Cu(NO3)2. After 5 hours, 16 
bacteria were collected by centrifugation (4000xg, 10 min) and washed thoroughly with 17 
phosphate buffered saline (PBS, 2 x 20 mL). All analyses were performed on the same 18 
day.  19 
Measurement of intracellular metal content. To remove adventitiously bound 20 
metals from bacterial pellets, an additional wash step was performed using PBS (10 mL) 21 
in the presence of 1 mM EDTA. Samples were dried at 60 oC overnight, digested with 70 22 
µL concd nitric acid at 80 oC for 2 h, and diluted to 5 mL with deionised water. Levels of 23 
  14 
metal ions were measured using Inductively-Coupled Plasma (ICP) MS at the School of 1 
Earth Sciences, The University of Queensland. The results were presented as the weight 2 
ratio of metal (in ng) to total protein content (in mg). Protein content was determined 3 
using QuantiPro BCA Assay Kit (Sigma). Statistical analyses of data sets were performed 4 
using paired, two-tailed Student’s t-tests. 5 
Activity assays. Cytochrome cbb3 oxidase. Bacteria were resuspended in 6 
potassium phosphate buffer (20 mM, 150 mM NaCl, pH 7.4) and kept on ice. 7 
Consumption of molecular oxygen was measured in the same buffer (2 mL) in the 8 
presence of 50 mM L-lactate and 5-10 µM myxothiazol using a mixture of 5 mM sodium 9 
ascorbate and 1 mM N,N,N’,N’-tetramethylphenylenediamine as a gratuitous electron 10 
donor. Rates of reactions were monitored using an S1/Mini Clark-type oxygen electrode 11 
(Hansatech Instruments) in conjunction with an Oxytherm control unit. The rates of 12 
oxygen reduction (1 unit = 1 nmol O2 min-1) were plotted using the Oxygraph Plus 13 
program and the results were normalised to total protein content (in mg). 14 
Catalase. Bacteria were resuspended in PBS to an OD600 value of ~ 20. Five 15 
microliters of the suspension was added to 500 µL of dilute H2O2 (500 µM) in PBS and 16 
the mixture was incubated at ambient temperatures. The amount of H2O2 remaining in the 17 
reaction mixture was measured at 5-minute intervals using a Phenol Red-peroxidase 18 
coupled assay(42) against a standard curve. The rates of H2O2 reduction (1 unit = 1 nmol 19 
H2O2 min-1) were plotted and the results were normalised to total protein content (in mg). 20 
Extraction of heme and tetrapyrroles. Extraction of total heme was performed 21 
essentially as described elsewhere.(43) Briefly, bacterial pellets were dissolved in 500 µL 22 
of an alkaline pyridine mixture (40% (v/v) pyridine, 200 mM NaOH) and incubated at 23 
  15 
ambient temperatures for 15 minutes with frequent vortexing. Insoluble debris was 1 
removed by centrifugation (15000xg, 5 min) and the supernatant was stored at –20 oC 2 
until further analyses.  3 
Routine extraction of unincorporated and non-covalently bound tetrapyrroles was 4 
performed using acidified acetone (90:10 (v/v) acetone:1 M HCl) as described 5 
elsewhere.(44) For identification of tetrapyrroles, whole gonococci were extracted into 6 
acidified ethanol (80:20:1 (v/v) EtOH:DMSO:acetic acid) or ethyl acetate (3:1 (v/v) 7 
EtOAc:acetic acid).(45) Briefly, bacteria were resuspended in 500 µL solvent and the 8 
suspension was incubated at ambient temperatures for 15 minutes with frequent vortexing. 9 
Insoluble materials were removed by centrifugation (15000xg, 5 min). The procedure was 10 
repeated for several cycles until no further fluorescence was observed in the pellet or the 11 
supernatant. All extracts were combined and stored at –20 oC until further analyses.  12 
Spectral analyses. All samples were prepared in a quartz cuvette with a path 13 
length of 10 mm. Optical spectra were collected on a dual-beam mode between 350–650 14 
nm using a scan speed of 120 nm min-1, a slit width of 0.2 nm, and a detector voltage at 15 
200 V. Fluorescence emission spectra were recorded with an excitation wavelength of 16 
405 nm, slit widths of 10.0 nm, and a scan speed of 500 nm min-1. Emission was recorded 17 
between 410 and 800 nm. All spectral data were processed using the corresponding 18 
software packages and plotted in KaleidaGraph® 4 (Synergy Software). 19 
Fluorescence and optical spectra of soluble porphyrin extracts were recorded as 20 
prepared without any further sample manipulation. Pyridine hemochrome spectra were 21 
recorded for both oxidised and reduced samples. Oxidised samples were prepared by 22 
addition of K6Fe(CN)3 (30 µM) and spectral data were collected immediately (within 30 23 
  16 
seconds). Each sample was reduced by adding a few crystals of solid dithionite (less than 1 
1 mg) and the spectrum was collected immediately (within 30 seconds). All spectral data 2 
were normalised to amount of bacteria (OD600 values; an OD600 value of 0.4 represents ~1 3 
x 108 colony forming units, cf. Figure S5). 4 
HPLC analyses. Tetrapyrroles from N. gonorrhoeae were solubilised from N. 5 
gonorrhoeae in acidified EtOAc as described earlier. Porphyrins were extracted from the 6 
organic phase with 3 x 100 µL of 1 M HCl and the combined aqueous layer was 7 
neutralised with 300 µL of 3 M sodium acetate (pH 5.1). Porphyrins were separated on a 8 
Pinnacle III C18 5 µm column (150 x 4.6 mm; RESTEK) using a gradient elution (0–9 
100% in 20 min) of Solvent A (90:10 (v/v) 500 mM sodium acetate buffer (pH 10 
5.1):MeCN) and Solvent B (90:10 (v/v) MeOH:MeCN) and a flow rate of 1 mL min-1. 11 
Each sample was diluted ten-fold in Solvent A and 10 µL was injected into the column. 12 
Porphyrins were detected by their absorbance at 402 nm (Soret). The major peak in each 13 
sample was identified by comparison of retention times with porphyrin standards 14 
(Frontier Scientific). This peak was further characterised using MALDI-TOF MS at the 15 
School of Chemistry and Molecular Biosciences, University of Queensland. 16 
 17 
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SCHEMES 1 
 2 
 3 
 4 
Scheme 1. The effect of excess Cu on the heme biosynthesis pathway in N. 5 
gonorrhoeae. The pathway was assembled from KEGG Pathway analyses 6 
(http://www.genome.jp/kegg/kegg2.html) using the reference genome for N. gonorrhoeae 7 
(strain FA1090, GenBank accession no. AE004949). Excess Cu blocks the step catalysed 8 
by HemN as indicated in red. As a result, there is a decrease in Protoheme IX levels (red 9 
downwards arrows ) and a concomitant increase of Cop III levels (red upwards arrow 10 
). The loss of heme subsequently leads to a reduction in the activities of crucial 11 
hemoproteins. aThis step occurs sequentially – it is catalysed by HemA followed by 12 
  22 
HemL. bTwo paralogs of HemN are present (NG0234 and NG1580). It is unknown which 1 
enzyme is functional or is poisoned by Cu. A homologue of HemF is not present. cThere 2 
is a second putative Pro’gen oxidase (NG01692), which displays high sequence 3 
homology with HemJ from A. baylyi(46). It is unknown which oxidase is functional in N. 4 
gonorrhoeae. HemG and HemY homologues are not found. ALA, aminolevulinic acid; 5 
PBG, porphobilinogen; HMB, hydroxymethylbilane; Uro’gen III, uroporphyrinogen III; 6 
Cop’gen, coproporphyrinogen III; Cop III, coproporphyrin III; Pro’gen IX, 7 
protoporphyrinogen IX; Proto IX, protoporphyrin IX.  8 
 9 10 
  23 
FIGURES 1 
 2 
 3 
Figure 1. Cu exposure caused an increased sensitivity to H2O2. a) Growth of 4 
gonococci in aerated liquid cultures in the presence of 0 (), 1 (), 5 (), 10 (), 20 5 
(), 40 () and 60 µM () Cu. b) Growth of gonococci in the absence (empty symbols 6 
 and ) or presence (filled symbols  and ) of 5 mM H2O2. Gonococci were pre-7 
treated with (diamonds  and ) or without (circles  and ) 30 µM Cu. 8 9 
  24 
 1 
Figure 2. Loss of catalase activity. a) Removal of H2O2 from Cu-treated (filled circles 2 
) and mock (empty circles ) 1291copA cultures over time. b) Specific activities of 3 
KatA (white bars) and Cco (black bars) in 1291copA after growth in the absence (-Cu) 4 
and presence (+Cu) of 30 µM Cu. *P < 0.005 against -Cu samples by paired, two-tailed 5 
Student’s t-test. (a-b) Error bars indicated +/- standard deviation from 3 replicates. 6 
 7 
 8 
Figure 3. Loss of intracellular heme. Difference pyridine hemochrome spectra (reduced 9 
minus oxidised) of whole gonococci after growth in the absence (solid lines) and presence 10 
(dashed lines) of 30 µM Cu. Scale bars indicate ΔA = 0.02. A representative result from 11 
three independent experiments was shown. Additional replicates are shown in 12 
Supplementary Figure 1.  13 14 
  25 
 1 
 2 
Figure 4. Pathway studies suggest that excess Cu blocks heme biosynthesis. a) 3 
Difference (reduced minus oxidised) pyridine hemochrome spectra of whole 1291copA 4 
and b) fluorescence emission spectra of acetone/HCl extracts after growth in the absence 5 
(black lines) and presence (red lines) of 30 µM Cu, without (solid lines) and with (dotted 6 
lines): hemin (1 µM), ALA (100 µM), or Proto IX (1 µM). Scale bars indicate ΔA = 0.02 7 
or F = 100 units. 8 
  26 
 1 
Figure 5. Loss of heme is not associated with Fe starvation. a) Intracellular 2 
concentrations of copper (Cu) and iron (Fe) after growth in the absence (-Cu) and 3 
presence (+Cu) of 30 µM Cu. *P = 0.0001, **P = 0.002, ***P = 0.03, by paired, two-4 
tailed Student’s t-test. b) Difference (reduced minus oxidised) pyridine hemochrome 5 
spectra of whole 1291copA and c) fluorescence emission spectra of acetone/HCl extracts 6 
after growth in Fe-depleted (-Fe) or Fe-enriched (+Fe) media, in the absence (black lines) 7 
  27 
and presence (red lines) of 30 µM Cu. For comparison, spectra of 1291copA after growth 1 
in regular media are shown as dotted lines. Scale bars indicate ΔA = 0.02 of F = 100 units. 2 
 3 4 
  28 
 1 
Figure 6. Accumulation of Cop III. a) Fluorescence emission and b) optical absorbance 2 
spectra of tetrapyrrole extracts from 1291copA after growth in the absence (long dashed 3 
lines) and presence (solid lines) of 30 µM Cu. For comparison, the spectra of authentic 4 
Cop III are shown as dotted lines. c) Reverse-phase chromatograms of tetrapyrrole extract 5 
after growth in the presence of Cu. Chromatograms of authentic standards are shown for 6 
comparison. d) Mass spectrum of tetrapyrrole extract after growth in the presence of Cu. 7 
*This peak corresponds to the dimethyl ester form of Cop III, which occurred presumably 8 
due to the presence of acidified methanol in the sample. 9 
